The RecA proteins of both Escherichia coli and Pseudomonas aeruginosa are essential for efficient function of certain DNA repair pathways as well as for homologous recombination. In E. coli, the product of the recA gene has both a regulatory and a mechanistic role in DNA repair mediated by the products of the SOS regulon (for a review, see reference 25) . The lexA gene product represses the expression of SOS genes. After DNA damage, the RecA protein is activated to promote the cleavage of the LexA repressor and thus induce expression of the SOS regulon. RecA protein is mechanistically involved in both recombinational repair and induced mutagenesis. Similar roles have been postulated for the product of the P. aeruginosa recA gene (10, 17) . Like their E. coli counterparts, P. aeruginosa recA mutants are deficient in recombination and extremely sensitive to UV irradiation and other DNA-damaging agents (4, 8) . Expression of the cloned P. aeruginosa recA gene in E. coli recA mutants complements the mutants for both recombinative ability and DNA repair (12, 19) . Additional studies have shown that expression of the recA gene in P. aeruginosa is induced by DNA-damaging agents (10, 17) . DNA sequencing of the P. aeruginosa recA gene revealed striking homologies to both the E. coli gene and protein (21) . These studies strongly suggest that the SOS repair pathway of P. aeruginosa is regulated in a manner analogous to that of E. coli.
Many plasmids encode proteins which can modulate the responses of their hosts to DNA damage (11, 24, 25) . The pKM101 plasmid of E. coli, Salmonella typhimurium, and other enterobacteria increases both survival and mutagenesis after UV irradiation by encoding two genes, mucA and mucB, which are analogs of the E. coli genes umuC and umuD (22, 25) . The expression of mucA and mucB is repressed by the chromosomal LexA protein and can be induced by activated RecA protein (25) . pMG2, an IncP2 plasmid of Pseudomonas species, also increases survival and mutagenesis after UV irradiation of its host cells (14, 15) . Expression of the DNA repair genes of pMG2 requires a functional host recA gene product, since no increase in survival or mutagenesis after UV irradiation is seen when the plasmid is carried in a recA mutant (15) . The regulatory mechanisms operating on other plasmid-encoded DNA repair genes have not been studied, but it would appear that coregulation of plasmid UV response genes by host gene products is common.
I recently began the characterization of the UV response genes encoded by another IncP2 plasmid, CAM-OCT (16), a >300-kilobase megaplasmid which also carries genes for alkane utilization, camphor utilization, and conjugative transfer (3, 9, 11) . The ability of CAM-OCT to fully suppress a number of UV survival and mutagenesis mutants of Pseudomonas putida suggested that the UV response genes of CAM-OCT may differ in significant ways from previously described plasmid UV response genes (16) . Here, the ability of CAM-OCT to affect the UV responses of P. aeruginosa recA mutants was examined. The plasmid significantly increased both survival and mutagenesis in these mutants after UV irradiation. This effect does not appear to be attributable to the coding of a recA analog by the plasmid.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids are listed in Table 1 . Strains serving as donors for transfer of plasmids into various strains included PpS145 and PAM70 for CAM-OCT and MRP119 for pMRP119.
Media and culture conditions. Minimal media (PA), complete media (TYE), and the conditions for growth on camphor were as previously described (9) . Antimicrobial agents were added at the following concentrations (in micrograms per milliliter): carbenicillin, 500; mercury chloride, 20; neomycin, 50; tetracycline, 100; trimethoprim, 1,000.
Genetic methods. (i) Conjugations. Bacterial matings were (ii) Generalized transductions. F116L cts6O bacteriophage (2, 13) was prepared by the plate lysate method on strain PAM183, which carries a Tn7 insertion in CAM-OCT alkC (7). Phage were mixed with appropriate bacteria carrying CAM-OCT at a multiplicity of infection of 5. Infected cultures were incubated at 32°C for 3 h, and then 0.1 ml of culture was plated on TYE with trimethoprim, resistance to which is encoded by Tn7. Plates were incubated for 48 h at 32°C, and then trimethoprim-resistant (Tpr) colonies were counted. The number of Tpr colonies occurring in infected, plasmidless parental strains gave a measure of Tn7 transposition versus the transduction of the Tn7 insertion in the CAM-OCT alkC gene. This number was subtracted from the number of Tpr colonies occurring in CAM-OCT-carrying derivatives of the parental strains. Similar transductions were used to genetically map these insertions in the alk genes of CAM-OCT (7, 20) . Reported values are the mean numbers of Tpr transductants obtained from three independent measurements of transduction frequency.
(iii) Plasmid curing. Bacteria carrying CAM-OCT were grown in TYE with acridine orange (100 ,ug/ml) to obtain new strains which had lost the plasmid. Cultures were grown overnight at 37°C beginning from approximately 105 CFU/ ml. Cultures were then streaked for isolated colonies, and these were tested for the ability to grow on camphor.
Approximately 1% of the colonies tested could no longer utilize camphor for growth and were presumed to have lost the CAM-OCT plasmid. These strains retained all of the other genetic markers common to the parental strains, including Arg-for PA02002 and PA02003 derivatives and the mercury resistance of the TnS01 insertion in recA for the PDO2 derivative.
UV survival and mutagenesis. (i) UV survival measurements. UV survival measurements were done essentially as previously described (16) . Cells were grown to a density of 2 x 108 CFU/ml in TYE. Portions (20 ,ul each) of a series of 10-fold dilutions of the cultures were spread on TYE plates, and the plates were UV irradiated. Dose delivery was based on times of exposure to a UV source kept at a constant height. Calibration of the UV source was with a Blak-Ray UV light meter. Plates were incubated overnight at 37°C, and then individual colonies were counted to calculate the percentage of survivors. Reported values represent the means of three independent determinations.
(ii) Mutagenesis measurements. Mutagenesis measurements were also previously described (16) . Mutagenesis was measured by the reversion to carbenicillin resistance (Cb) of strains harboring a mutant RP1 derivative, pMRP119, which carries an amber mutation in bla. Thus, reversion of the same mutation could be analyzed in all strains examined.
Samples containing 2 x 107 CFU from undiluted exponential-phase cultures were spread on TYE plates with carbenicillin. Plates were UV irradiated with varying doses and then incubated at 37°C for 48 h. Revertant colonies were counted, and the numbers were used to calculate the reversion frequency. Reported frequencies are the means of three independent determinations. RESULTS Survival after UV irradiation. Cell survival after UV irradiation was compared in three different recA mutants of P. aeruginosa carrying no plasmid or CAM-OCT plasmid. These mutants carried one of the following recA alleles:
rec-J, rec-2 (4), or recA7::Tn5OJ (10) . Survival was also measured in PAO1 with and without CAM-OCT as a basis for comparison of cell survival in recA+ cells with that seen in the recA mutants. Previous results have shown that CAM-OCT increases UV resistance in P. aeruginosa (16); those results were confirmed here, using strains different from those previously reported. CAM-OCT substantially increased survival in all three recA strains (Fig. 1) . In fact, the presence of CAM-OCT in the recA mutants increased UV resistance to levels intermediate between that seen in PAO1 and its CAM-OCT derivative, except that at the lowest UV dose PAO1 exhibited a higher UV resistance than did all three recA mutants carrying CAM-OCT. Thus, CAM-OCT increased UV survival 10-to 700-fold in PA02002 (rec-J), 60-to 900-fold in PA02003 (rec-2), and 500-to 1,500-fold in PDO2 (recA7::TnS01), depending on the UV dose. The differences in the magnitude of the protective effect conferred by CAM-OCT reflected both the extreme UV sensitivity of PA02002 and PDO2 and the higher UV resistance of PDO2 carrying CAM-OCT compared with that of the other two mutants.
Bacterial strains which had been cured of CAM-OCT were isolated (see Materials and Methods) to make sure that the effects seen on the recA mutants were due to CAM-OCT and not due to the isolation of chromosomal suppressor mutants during the construction of the derivatives of the recA strains carrying CAM-OCT. Survival after UV irradiation of these derivatives was comparable to that of the parental, plasmidless recA strains (data not shown), which indicates that the increases in survival after UV irradiation noted in the recA(CAM-OCT) derivatives were due to the plasmid.
Mutagenesis after UV irradiation. Recovery from UV irradiation is often accompanied by increased mutation frequencies. These increases are not seen in recA strains of E. coli (25) . It was previously determined that CAM-OCT significantly increases mutagenesis after UV irradiation of Pseudomonas bacteria (16 carrying a bla(Am) mutation on a derivative of the RP1 plasmid was used as a measure of mutability. This assay allows for the study of reversion of the same mutation in various genetic backgrounds (16) . Previous studies showed that CAM-OCT similarly affects mutagenesis in auxotrophic reversion assays and in forward mutation assays (16) reduce the ability of P. aeruginosa cells to carry out homologous recombination (4, 8, 10, 17) . One possible explanation for the ability of CAM-OCT to almost fully suppress a chromosomal recA mutation for UV sensitivity and mutagenesis is that CAM-OCT itself encodes a recA analog. Therefore, the ability of CAM-OCT to suppress recA mutants for recombination was tested. To test for recombination ability, the transduction by phage F116L of a Tn7 insertion in the alkane utilization genes of CAM-OCT was compared in recA and recA+ derivatives carrying the CAM-OCT plasmid. Similar transductions were used previously to genetically map Tn7 insertions in these genes (7, 20) . Transduction of the Tn7 insertion was only detected in recA+ strains. The number of Tpr transductants per 109 F116L cts60 PFU for each strain was as follows: PAO1(CAM-OCT), 70.3; PA02002(CAM-OCT), PA02003(CAM-OCT), and PDO2(CAM-OCT), <1. Tests for phage sensitivity done by spotting aliquots of F116L lysates onto bacterial lawns of each of the strains indicated that all strains were sensitive to F116L, so the lack of transduction seen in the recA(CAM-OCT) strains was not due to a lack of phage sensitivity. DISCUSSION The CAM-OCT plasmid significantly enhanced the survival of recA mutant P. aeruginosa strains (Fig. 1) . Mutagenesis rates in the RecA-(CAM-OCT) strains was comparable to that detected in wild-type strain PAO1 (Fig. 2) . These results are quite different from those reported for other UV response-enhancing plasmids such as pKM101 in E. coli (25) and pMG2 in P. aeruginosa (14, 15) . For both of these plasmids, a functioning chromosomal recA gene is required for them to exert any effect on the UV response of their host bacteria. In the case of pKM101, it has been well documented that the mucA and mucB genes are repressed by the chromosomally encoded LexA protein and that activated RecA protein is required to induce expression of these genes (25) . RecA protein is also required after induction to promote cleavage of MucB, which is necessary for its activation (1, 18, 23) . A third role for RecA in mutagenesis has been genetically documented, but the nature of this role has not yet been elucidated (5, 6) . The function of recA in the enhancement of survival and mutagenesis by pMG2 has not been characterized. The results reported here show that, unlike other plasmids which have been studied, CAM-OCT UV response genes need not be regulated by the product of the chromosomal recA gene.
Recent results show that the P. aeruginosa recA gene can suppress E. coli recA mutations for both induction of the SOS response and recombination (12, 19) and that the P. aeruginosa recA gene is induced by UV light (10, 17) . These studies have led to the hypothesis that the P. aeruginosa recA gene serves the same functions as its E. coli counterpart both in regulating the UV response and in recombination (10, 17) . Experiments described here showing that CAM-OCT increased survival and mutagenesis in recA cells raised the possibility that CAM-OCT encodes an analog of the RecA protein which could induce both chromosomal and plasmid-encoded UV response genes. Results suggest that the CAM-OCT plasmid does not encode an analog of the recA gene. F116L transduction of a Tn7 insertion in the alkane utilization genes of the CAM-OCT plasmid was easily detected in PAO1(CAM-OCT) but not in recA strains carrying the plasmid (see Results). These results combined with the survival and mutagenesis studies strongly suggest that the CAM-OCT UV response genes are not regulated by the product of the chromosomal recA gene or by an analog of this protein encoded by CAM-OCT-at least not an analog that displays the full multifunctional properties of the RecA protein.
As detailed above, besides its role in inducing the chromosomal and pKM101 SOS genes, the E. coli RecA protein also plays a mechanistic role in mutagenesis mediated by chromosomal genes umuC and umuD and pKM101 genes mucA and mucB (1, 5, 6, 18, 23, 25) . Since CAM-OCT can restore UV-induced mutagenesis to recA mutants and does not appear to encode a recA analog, the mechanism by which CAM-OCT increases mutagenesis probably differs in fundamental ways from that of the pKM101 plasmid. This may be true for pMG2 as well, because it has been reported that at least part of its ability to increase survival and mutagenesis relies on a plasmid-encoded DNA polymerase activity (14, 15) . It is not yet known whether CAM-OCT encodes a similar activity.
Furthermore, since CAM-OCT does not appear to encode a recA analog and yet can almost fully suppress the recA mutation for both survival and mutagenesis after UV irradiation, it must be asked whether the effects of CAM-OCT in these mutants are due totally to plasmid genes or whether in fact the plasmid can induce UV response genes on the chromosome by some alternate mechanism. Earlier studies which characterized the effect of CAM-OCT on a series of P. putida UV-sensitive and mutagenesis mutants (16) also suggested the possibility that CAM-OCT encodes a number of UV response genes and that the genes are regulated differently than are those previously studied on other plasmids. The results reported here confirm that CAM-OCT UV response genes are not regulated by recA and raise further questions about the numbers and types of UV response genes encoded by CAM-OCT. 
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